We hypothesized that cord blood erythropoietin (EPO), a marker of fetal hypoxia, relates to gestational factors and not solely those associated with delivery. We investigated the association between birth weight SD score (SDS) and cord blood EPO in 290 twins (145 pairs), assessing the influence of gestational versus perinatal factors by comparing the association in those who were delivered by elective cesarean (CS) with that in other delivery modes. Blood EPO values were skewed, so geometric means are presented and log EPO values were used in statistical models. The birth size-EPO association was estimated in mixed-effects models that included terms that represented difference in log EPO and mean log EPO for each twin pair. Within-pair estimates of the association were unconfounded by maternal factors (because these were perfectly controlled). Geometric mean EPO was higher in boys versus girls (24.4 versus 17.0 IU/L; p ϭ 0.0001) and increased with gestational age (p ϭ 0.0003) but was similar after elective CS versus other delivery modes. The negative birth size-EPO association was stronger in infants who were delivered by elective CS than by other delivery modes [␤ for log 2 EPO: Ϫ0.56 (95% CI, Ϫ0.77 to Ϫ0.36) versus Ϫ0.27 (Ϫ0.42 to Ϫ0.12), respectively; p ϭ 0.02 for interaction). Because the association was seen after elective CS delivery, cord blood EPO must relate to factors during gestation, not just perinatal factors. There was no evidence of an association between birth weight SDS and pair mean log EPO, indicating that the association is entirely due to fetus-specific rather than pairspecific factors. Size at birth (standardized for sex and gestational age) reflects intrauterine growth. This is determined substantially by maternal acquisition of oxygen and nutrients and their transfer to the fetus via the placenta (1). It is difficult to study the contributions of and interactions between maternal and placental factors, especially in large cohorts, but twin pregnancies may offer such an opportunity, because maternal factors are shared, whereas placental factors can be discordant (2,3).
We hypothesized that cord blood erythropoietin (EPO), a marker of fetal hypoxia, relates to gestational factors and not solely those associated with delivery. We investigated the association between birth weight SD score (SDS) and cord blood EPO in 290 twins (145 pairs), assessing the influence of gestational versus perinatal factors by comparing the association in those who were delivered by elective cesarean (CS) with that in other delivery modes. Blood EPO values were skewed, so geometric means are presented and log EPO values were used in statistical models. The birth size-EPO association was estimated in mixed-effects models that included terms that represented difference in log EPO and mean log EPO for each twin pair. Within-pair estimates of the association were unconfounded by maternal factors (because these were perfectly controlled). Geometric mean EPO was higher in boys versus girls (24.4 versus 17.0 IU/L; p ϭ 0.0001) and increased with gestational age (p ϭ 0.0003) but was similar after elective CS versus other delivery modes. The negative birth size-EPO association was stronger in infants who were delivered by elective CS than by other delivery modes [␤ for log 2 EPO: Ϫ0.56 (95% CI, Ϫ0.77 to Ϫ0.36) versus Ϫ0.27 (Ϫ0.42 to Ϫ0.12), respectively; p ϭ 0.02 for interaction). Because the association was seen after elective CS delivery, cord blood EPO must relate to factors during gestation, not just perinatal factors. There was no evidence of an association between birth weight SDS and pair mean log EPO, indicating that the association is entirely due to fetus-specific rather than pairspecific factors. Size at birth (standardized for sex and gestational age) reflects intrauterine growth. This is determined substantially by maternal acquisition of oxygen and nutrients and their transfer to the fetus via the placenta (1). It is difficult to study the contributions of and interactions between maternal and placental factors, especially in large cohorts, but twin pregnancies may offer such an opportunity, because maternal factors are shared, whereas placental factors can be discordant (2, 3) .
As an indicator of fetal oxygenation (4), cord blood erythropoietin (EPO) reflects adequacy of oxygen delivery to the fetus. It is of fetal origin because maternal EPO does not cross the human placenta (5-7). Raised cord blood EPO indicates fetal hypoxemia and impaired oxygen transfer to the fetus, an impairment that may extend to delivery of other substrates that are essential for fetal growth (8) .
A number of studies have demonstrated a relationship between EPO in cord blood and size at birth, including studies of twins (4,9 -12) . However, there is evidence that EPO level rises within~4 h of an episode of hypoxia, (13) and neonates who are small for gestation may be more likely to sustain perinatal asphyxia (14) . Thus, the observed negative association between birth weight and cord blood EPO could primarily relate to factors during labor and delivery, rather than during gestation.
We investigated the hypothesis that the association was due to factors during gestation and not solely those during labor or delivery, by stratifying analyses according to whether the mother labored. If the association were seen in infants whose mothers had an elective (preplanned) cesarean section (CS), then we could conclude that EPO does relate to factors during gestation. The association between birth weight and cord blood EPO was examined within twin pairs so that we could obtain an estimate that was not confounded by between-pair differences in maternal factors (which would include maternal nutrition, lifestyle, health, and obstetric course) (2) . Extensive background socioeconomic and obstetric data were recorded as well as nutritional data during pregnancy and information about labor and delivery. The first-born twin and its umbilical cord were identified as twin 1; the second-born twin was identified as twin 2. Cord blood from both twins was collected into both plain and EDTA tubes immediately after delivery and taken to the laboratory for processing and freezing within 1 h of collection. Placentas that were not clearly separate were sent to the pathology laboratory for determination of chorionicity.
METHODS
Blood samples from Adelaide were transported on dry ice to Melbourne by air, accompanied by an investigator, and all serum EPO assays were done by RIA (DiaSorin, Stillwater, MN), in accredited laboratories at the Alfred Hospital in Melbourne. Intra-assay coefficient of variation was 5.2% at 22.9 mU/L, and interassay coefficient of variation was 6.7% at 19.0 mU/L. There was Ͻ0.001% cross-reactivity with other serum proteins, and the lower limit of detection was 4.4 mU/L.
Zygosity of same-sex twins was determined as follows: monochorionic twins were coded as monozygotic (MZ). When infant blood groups had been determined and were different, infants were coded as dizygotic (DZ). For dichorionic twins with unknown or the same blood group, DNA was extracted from cord blood or Guthrie card samples to determine zygosity, on the basis of a standard finger-printing approach using a panel of 12 polymorphic microsatellite markers (D11S4151, D11S904, D12S345, D12S78, D14S283, D17S1852, D2S125, D2S2211, D2S337, D3S1267, D6S257, and D8S284) distributed throughout the genome.
Infant birth weights were taken from routine measurements (all hospitals regularly calibrated their infant scales), and birth weight SD scores (SDS; for gestation and sex) were calculated using British normative data (15) .
We included in this study of the association between birth size and EPO only those pairs for whom cord blood samples were collected from both twins. EPO values were skewed, so we report and tabulate geometric mean, and log 2 values were used in regression analyses. Analyses were performed using mixed-effects regression models that included a random intercept for each twin pair (16, 17) . This method was initially used to compare geometric mean values [95% confidence interval (CI)] of EPO between subgroups (by gestation length, infant sex, mode of delivery, and maternal smoking status), allowing for within-pair correlation. Then we estimated the association between birth weight SDS and EPO within twin pairs by fitting a model with birth weight SDS as dependent variable and including an independent variable representing the difference in log EPO within each twin pair (difference between individual log EPO and twin pair mean), as well as a term representing pair mean log EPO. This approach allows estimates of associations adjusted for factors shared within twin pairs while also allowing examination of possible independent effects of twin pair-level factors. The resulting estimates of within-pair regression coefficients are identical to those that would be obtained by regressing twin-pair difference values for the outcome on difference values for the covariate (18) , and we use this fact to provide a graphical illustration of the strength of association. Logs to base 2 EPO were used so that regression coefficients represented difference in birth weight SDS per doubling of EPO. We tested for effect modification in these models using appropriate interaction terms and report p values from Wald tests. Analyses were performed using Stata (Stata Software Release 8.2; StataCorp, College Station, TX).
RESULTS
Altogether, 172 women were recruited between July 1999 and January 2003 in Melbourne and 66 between August 2000 and August 2002 in Adelaide; 238 in total. Two hundred (84%) women remained in the study to delivery. Of the remaining 38 women, 33 withdrew, four miscarried, and one with triplets was recruited in error.
Characteristics of mothers who completed the study to delivery are shown in Table 1 . Women who did not remain in the study to delivery differed little from those who did, in terms of mean age, educational level, family size, or obstetric history, but they were more likely to be smoking at the time of recruitment (29 versus 12% respectively; p ϭ 0.02 by 2 ). Cord blood was collected successfully from 303 (76%) of 400 infants and from both infants of 145 (73%) of 200 pairs. Table 2 shows obstetric data for all 200 women studied to delivery and for mothers of the 145 pairs with blood samples from both. The latter group was reasonably representative.
Of the 145 pairs who both had EPO values, 110 (76%) were DZ dichorionic, 15 (10%) were MZ dichorionic, and 20 (14%) were MZ monochorionic pairs. None of the monochorionic pairs had clinical evidence of twin-twin transfusion syndrome. There were 41 male-male pairs, 41 female-female pairs, and 63 mixed-sex pairs.
In Table 3 , it can be seen that geometric mean EPO was higher in boys than in girls (24.4 versus 17.0 IU/L, respectively; p ϭ 0.0001) and increased with gestation length (p ϭ 0.0003). Median (interquartile range) gestation did not differ by infant sex; it was 37.1 wk (35.4-37.9) in boys and 37.0 wk (35.4-37.8) in girls. There was little difference in geometric mean EPO between infants who were born by elective CS versus other deliveries.
There was also no strong evidence that maternal smoking or number of cigarettes smoked per day influenced cord blood EPO (see Table 3 ), although only 18 of the 145 women were smoking at recruitment in the second trimester and 16 in the third trimester.
Relationship between birth weight SDS and EPO. Log EPO was negatively related to birth weight SDS. Adjusting for Table 4 ). The strength of this association can be seen in Fig. 1 , with twin-pair differences in birth weight SDS plotted against differences in log EPO (both calculated as twin 1 value Ϫ twin 2 value). This association was substantially stronger in children who were delivered by elective CS versus other modes of delivery (p ϭ 0.02 for interaction). The estimated difference in birth weight SDS was Ϫ0.56 (95% CI, Ϫ0.77 to Ϫ0.36) per doubling in EPO in children who were born by elective CS, compared with Ϫ0.27 (Ϫ0.42 to Ϫ0.12) after other modes of delivery. There was a weak indication that the association was stronger in boys than in girls [difference of Ϫ0.45 SDS (Ϫ0.63 to Ϫ0.28) per doubling in EPO in boys versus Ϫ0.26 (Ϫ0.46 to Ϫ0.05) in girls; p ϭ 0.19 for interaction].
Regression coefficients were very similar in monochorionic and dichorionic twins (Ϫ0.42 versus Ϫ0.36, respectively), but there were only 20 monochorionic pairs. There was likewise no evidence that the relationship was modified by length of gestation.
In the above models, the regression coefficient representing the independent association between birth weight SDS and twin-pair mean log EPO was very small (e.g. Table 4 ), indicating that the birth weight SDS-EPO association was entirely due to fetus-specific rather than shared factors.
DISCUSSION
As expected, we found evidence of a negative association between cord blood EPO and birth weight for gestation and sex (birth weight SDS). This association is consistent with evidence from women who were exposed to lower oxygen tension at high altitude, whose fetuses are relatively growth restricted (19) . Our subjects were at lower altitudes, where raised cord blood EPO will indicate fetal hypoxemia that is mainly due to placental or postplacental impairment of the fetal "supply line" for oxygen, and may be accompanied by impaired delivery of other substrates that are essential for fetal growth.
The birth weight SDS-EPO association was seen among infants who were born by elective CS and those who were born by other modes of delivery, and it seemed stronger among those who were born by elective CS (p ϭ 0.02 for interaction). We therefore conclude that EPO level in cord blood is an indicator of factors operating during gestation and does not Within-pair difference in log EPO and within-pair difference in birth weight each were calculated as twin 1 value Ϫ twin 2 value, where twins were numbered according to birth order (so some difference values are negative and some are positive). As indicated in "Methods," the slope of the least-squares regression line (constrained to fit through the origin) is the same as the within-pair coefficient in the mixed-effects model of Table 4. 682 solely reflect factors during labor and delivery. Our findings are in agreement with the study of Ostlund et al. (12) , who showed that EPO, in amniotic fluid or cordocentesis serum samples from fetuses with signs of growth restriction, correlated negatively with amniotic fluid PO 2 . It is possible that EPO values in amniotic fluid collected at delivery would provide a more integrated assessment of fetal oxygenation before the onset of labor than cord blood values. This needs to be investigated in other studies. Infants of women with gestational diabetes tend to be large for gestational age and have higher levels of EPO (20) . None of the women in this study had gestational diabetes, so we cannot exclude the possibility that the association between birth weight SDS and EPO is U-shaped.
That the association was stronger in infants who did not experience labor suggests that factors around the time of delivery (e.g. variable length of labor, exposure to acute and intermittent hypoxia) increase variability in EPO levels, "blunting" the underlying association between EPO and fetal growth. This is supported by data showing a greater correlation between prenatal EPO (in amniotic fluid or cordocentesis samples) and cord blood EPO values in infants whose mothers did not labor versus those who experienced labor (21, 22) . There was no evidence of an independent association between birth weight SDS and pair mean log EPO, confirming that the association was entirely due to fetus-specific rather than shared (including maternal) factors.
DZ twins have two placentas (dichorionic twins), but although MZ twins can also be dichorionic, they often share the same placenta (monochorionic twins). In the latter case, there are always placental vascular communications, so we considered the possibility that EPO might equalize between larger and smaller twins in monochorionic pairs, blunting the association between EPO and size at birth (23) . None of the twins in our study had clinical evidence of twin-twin transfusion syndrome. There were too few monochorionic twins to reliably assess whether chorionicity modified the EPO-birth size association, but we found no evidence suggesting that this was the case. Likewise, there was no evidence that the association differed according to gestation length.
Unexpectedly, we found that geometric mean EPO was higher in boys than in girls (24.4 versus 17.0 IU/L). A previous study of 164 samples of amniotic fluid reported no association between EPO and the child's sex (24) , as in a study of cord blood from 43 infants (25) . However, we found only a weak indication that the association between EPO and birth weight SDS was stronger among boys than among girls (p ϭ 0.19 for interaction). A study of the relationship between cord blood EPO and cord blood gases demonstrated that in boys, there was a strong negative association between EPO and PO 2 and positive association between EPO and PCO 2 , but this was not seen in girls (26) . These findings suggest that the response of the female fetus to hypoxia, in terms of EPO production, may differ from that of the male fetus. Another possibility is that the male fetus may be exposed to a greater degree of hypoxia in utero. Male fetuses grow faster than female fetuses, with the difference reportedly increasing toward term (27) , so they may have increased demand for substrates, including oxygen, compared with female fetuses. Sexual dimorphism has been established for hormonal axes that can have an impact on growth and erythropoiesis [e.g. the growth hormone and IGF axis (28) and glucocorticoids (29) ], suggesting another potential mechanism. The possibility that the association between EPO and birth size differs according to infant sex and underlying mechanisms needs to be examined in other cohorts of twins and in singletons.
We found strong evidence of a positive relationship between EPO and gestation length. Others have shown that EPO rises with prolonged gestation length in singletons (30, 31) , and rising EPO may be a marker of increasing placental insufficiency in the third trimester of pregnancy in twins, a period when fetal growth rate diminishes relative to singletons (32, 33) .
CONCLUSION
EPO is a marker of the individual twin's oxygenation during gestation and possibly of the sufficiency of their placenta.
